A model of the distance dependence of photoinduced donor-acceptor electron transfer in DNA is presented that includes the distance dependence of the solvent reorganization energy and free energy in the heterogeneous DNA environment. DNA is modeled as a low dielectric region that represents the base stack and two regions with more moderate dielectric properties that represent the DNA backbone. The DNA is surrounded by a high dielectric medium, which represents water. Model calculations show the importance of including the reorganization energy and the free energy change and illustrate the differences between the inhomogeneous model and homogeneous single dielectric constant calculations using standard Marcus theory. Calculations are performed for comparison to published experimental work (Science 1997, 277, 673; 1 J. Am. Chem. Soc. 1992, 114, 3656 2 ). Fits to one set of data 2 permit the previously reported distance dependence to be separated into an electronic contribution and solvent reorganization energy and free energy contributions. For the other set of data, 1 inclusion of the solvent reorganization energy and free energy distance dependences in the analysis of the overall distance dependent data suggest that the Marcus form of the distance dependent rate constant including the Marcus reorganization energy is not consistent with the data.
I. Introduction
The distance dependence of electron transfer in DNA has been a topic of significant interest in recent years. Numerous experimental studies have been performed, resulting in reports of widely varying distance dependences of the electron transfer. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Some of the experimental systems studied appear to undergo almost distance-independent electron transfer. [4] [5] [6] [7] [8] [9] [10] Theories to explain this work include pair wise hopping mechanisms, 15 wavelike electron transfer through a delocalized bridge system, 16 and thermally activated pair wise transfer via base pairs. 17 Some experimental work shows a distance dependence typical of superexchange or electron tunneling (Marcuslike) observed for inter-and intramolecular electron transfer in a wide variety of environments, including proteins, liquids, and micelles. [1] [2] [3] [11] [12] [13] [14] It has recently been suggested that electron transfer in DNA may occur by different mechanisms depending on the energetics of a specific system. 15 The focus of this paper is to examine the role played by the distance dependence of the reorganization energy and the free energy associated with electron transfer on the overall distance dependence of single-step electron transfer (Marcus-like transfer) in the heterogeneous DNA environment. Model calculations are presented to illustrate the nature of the effects, and the model is applied to examples of data reported in the literature. 1, 2 Previously, data have been analyzed primarily using a simple exponential distance-dependent rate, k e (r), [1] [2] [3] 11 where r e is the edge-to-edge distance between the donor and acceptor molecules, A is a preexponential factor, and e characterizes the exponential distance dependence of the transfer. Equation 1 can be useful to characterize the distance dependence approximately. However, some of the parameters that affect the rate of electron transfer have a distance dependence of their own. A true characterization of the distance dependence of the transfer must separate the falloff of the electronic coupling from the distance dependence of other factors affecting transfer.
This paper presents an approach in which a more detailed, Marcus form of the distance-dependent electron transfer rate constant is used to analyze previously published data on electron transfer in DNA. Because multistep electron-transfer processes also depend on free energies (∆G) and reorganization energies (λ), properly including the heterogeneous environment and the correct distance dependences of these parameters is important for a full analysis of such problems. The inclusion of ∆G and λ in an inhomogeneous dielectric environment has already been applied to the case of electron transfer in micelles. 18 The micelle environment can be separated into three dielectric regions: a low dielectric core, headgroup region with moderate dielectric properties, and water exterior. Distance-dependent λ and ∆G can be calculated analytically for electron transfer within this three-phase environment. In this paper, the same approach is used to calculate distance-dependent λ and ∆G for the case of electron transfer in DNA so that their effects can be separated from the distance dependence of the electronic coupling.
The DNA environment is modeled with four dielectric regions: a low dielectric region that represents the base stack, two regions with moderate dielectric properties representing the backbones of the double helix, and surrounding water. The continuous regions representing the DNA are modeled by a series of overlapping spheres, one positioned at each base or sugar-phosphate group location. The entire system is surrounded by water, creating a four-part dielectric environment. Although overlapping spheres are used in the numerical calculations, it is important to emphasize that regions are continuous with complex shapes consistent with the structure of DNA. In all the cases presented, the distance dependence of electronic coupling is shallower than that calculated with a simpler, exponential rate (eq 1). While the model is an approximate representation of the problem of electron transfer in DNA, it is sufficiently detailed to illustrate the importance of factors that have long been considered in other contexts such as electron transfer between a donor and acceptor in liquid solution. [18] [19] [20] [21] [22] 
II. Theory
In 1956 Marcus developed an expression for the distancedependent rate of electron transfer via electron tunneling. 19, 20, 23 Since that time, his expression has been used to effectively describe electron transfer under a variety of conditions. 24, 25 The rate of electron transfer, k(r), can be written where r is the distance between the centers of the donor and acceptor molecules and r o is the distance at which the donor and acceptor hard spheres are in contact. J o is the contact value of the donor/acceptor electronic coupling matrix element, and characterizes the distance dependence of the coupling. The last exponential term is an activation energy. λ(r) is the distancedependent reorganization energy, and ∆G(r) is the distancedependent free energy change of transfer. p is Planck's constant over 2π, k B is Boltzmann's constant, and T is temperature.
Duplex DNA can be viewed as a series of rows, each of which contains two sugar-phosphate backbone units and two nucleobases. Figure 1 shows a schematic of the model used in this paper, in which DNA is represented by rows containing four spheres. In the figure, spheres are nonoverlapping for clarity. However, in calculations the spheres interpenetrate, creating one helical ribbon that includes all the bases with two ribbons representing backbone chains on either side of the base stack. The outermost two ribbons represent the sugar-phosphate backbone, which has dielectric properties between those of hydrocarbon and water. The inner ribbon represents the nucleobases; it has a dielectric constant that is less than that of the sugar-phosphate backbone but greater than hydrocarbons. As in the Marcus theory, electron donors and acceptors are assumed to be conducting spheres. The appropriate size and location of each sphere must be determined for each specific system that is studied. Solvent reorganization energy and free energy of transfer for this model can be calculated using an approach developed previously and applied to electron transfer in micelles 18,26 as long as the positions, sizes, and dielectric properties of ribbons are specified. In the numerical calculations, this is accomplished via the locations of the overlapping spheres.
The difference between the DNA (or micelle) problem and the Marcus description of electron transfer in solution is the heterogeneous nature of the medium in which the electron transfer is occurring. In the normal Marcus treatment, the donor and acceptor are spheres embedded in a homogeneous dielectric continuum. In the DNA problem, the donor and acceptor reside in a heterogeneous dielectric environment.
A. Reorganization Energy. Reorganization energy (λ) is the change in free energy required to move the reactant atoms to the product configuration and to move solvent molecules as if they were solvating the products, without actually transferring the electron. It includes an inner-sphere (λ i ) portion and an outersphere or solvent portion (λ o ): 27 Marcus developed an expression for λ o for electron transfer in a dielectric continuum. 19, 20, 23 This approach can be extended to heterogeneous media if all space can be divided up into a number of regions with different dielectric properties. In this case, solvent reorganization energy is given by where q represents the four different dielectric regions, which together occupy all space excluding the donor and acceptor volumes. e is the charge of an electron. Optical and static dielectric constants of each region are included in the term R q ) op,q -1 -st,q -1 . V q is the volume of each region, q. E D/A are the vectors of electric displacement determined by the total charge distribution on the donor/acceptor. Following the approach of Marcus, 19 the electric induction is approximated by the electric field due to a given charge distribution in a vacuum, where r D/A is the location of the center of the donor/acceptor sphere.
For the model of DNA shown in Figure 1 , λ o is calculated by first integrating over all space with the dielectric properties of the solvent, i.e., water. For each smaller region (a ribbon), Figure 1 . Schematic illustration of DNA used in the heterogeneous model for reorganization energy and free energy calculations. Each row contains four spheres; the two innermost spheres are small and represent a nucleobase pair while the two larger exterior spheres each represent a sugar-phosphate backbone unit. Three-dimensional coordinates of spheres were extracted form X-ray crystal structure data. In the calculations, the spheres overlap to define four distinct dielectric regions: a base stack ribbon, two backbone ribbons, and surrounding water. For clarity, spheres do not overlap in this figure.
the contribution from the region is added to λ o and the contribution from the solvent for that volume is subtracted from λ o . λ o can be rewritten more clearly where s represents the solvent surrounding the DNA. The first term in eq 6 is λ o for a continuum solvent. B. Free Energy. The free energy change of photoinduced electron transfer, ∆G(r), is another distance-dependent parameter that affects the distance-dependent electron-transfer rate constant. Determination of ∆G(r) requires knowledge of oxidation/ reduction potentials of the donor/acceptor and calculation of the distance-dependent Coulombic interactions of the reactants and products. Often, redox potentials are known for donor/ acceptor molecules in a bulk liquid, but not in the heterogeneous environment of a DNA duplex. The different local dielectric environments near the donor/acceptor molecules also affect Coulombic interactions. However, these factors can be calculated to determine the distance dependence of ∆G in the DNA duplex.
In general, ∆G(r) for photoinduced forward electron transfer can be written 28 where IP D is the ionization potential of the donor, EA A is the electron affinity of the acceptor, W r/p denote the total energy change to bring the reactants/products together in the DNA duplex at the given separation distance, h is Planck's constant, and ν is the frequency at which the donor's normalized absorption and fluorescence spectra cross. 24 Determination of these values for the heterogeneous DNA environment follows the method developed by Weller for calculating redox potentials in one bulk solvent when redox potentials are known in a solvent with different dielectric properties. 29 Following this method, ∆G in a DNA duplex can be calculated from oxidation/reduction potentials measured in bulk solution.
The ionization potential of the donor and the electron affinity of the acceptor can be written in terms of donor/acceptor oxidation/reduction potentials (E ox/red ) and solvation free energies as follows:
where B denotes measurements made in a bulk liquid with static dielectric constant B and S r/p is the electrical work required to create infinitely separated, charged reactant/product spheres in a vacuum: q D and q A are the charges on the donor/acceptor in units of e. Reactant charges should be used for calculation of S r and product charges for S p . IP D -EA A is a relation of gas-phase properties, so eq 8 is valid for calculating ∆G of electron transfer in a bulk liquid or in a heterogeneous DNA environment. When redox potentials are known for reactants already incorporated in the DNA duplex, the entirety of eq 8 must be evaluated for that environment:
where E D and E A are given by eq 5 and q are static dielectric constants. Equation 10 is valid for the case in which all space, except donor/acceptor volumes, is occupied by dielectric regions q, and region q ) s is the solvent surrounding all other regions.
W r/p terms incorporate both solvation energies and Coulomb interactions of the ions. W r/p can be written similarly to eq 6 for the case in which all space outside the conducting donor/ acceptor spheres is occupied by dielectric regions q, including the surrounding solvent, s:
Reactant and product charges are used for W r and W p , respectively. The first term in eq 11 is W r/p for a continuum solvent.
C. Details of the Calculations. Rate constants were calculated for the four-region dielectric model of DNA. Boundaries of the base stack and two backbone ribbon regions were defined as the boundaries of collections of overlapping spheres. The spheres, shown nonoverlapping for clarity in Figure 1 , were located at coordinates obtained from the Protein Data Bank web page (www.rcsb.org/pdb). We used coordinate set 102D, 30 which is a double helical DNA strand consisting of 12 base pairs and the associated backbone atoms. In our calculations, one sphere is used to represent each base/backbone unit. The atomic coordinates can be quickly converted to our spherical model by selecting a central atom of each base/backbone unit to be the center of its representative sphere. For sugar-phosphate backbone units, the coordinates of the C1 atom were used. For spheres representing nucleobases, the atomic coordinates of C6, N3, C6, and N3 atoms were used for adenine, thymine, guanine, and cytosine, respectively. Using these coordinates, the average center-to-center distances between a base and its neighboring bases is 3.73 Å. The bases are very evenly spaced, and the distance between a base and its conjugate is essentially the same as the distance between neighboring bases on the same strand. In all our calculations, intermolecular electron-transfer distances are multiples of 3.73 Å, depending on the number of intervening base pairs. This value is slightly larger than the literature values cited for row height (3.4-3.5 Å) 1,2,12 because it includes distance due to rotation of the layers to form the double helix. The centerto-center distance from a base sphere to its neighboring backbone sphere in the same row is 4.30 Å. The average distance between neighboring backbone spheres in the same strand is 4.96 Å. These values are very consistent for the entire set of duplex coordinates used. The intrastrand base-base distance is different from the intrastrand backbone-backbone distance due to the helical nature of the duplex.
From a space-filling molecular model of duplex DNA, in which each atom is accounted for, it is clear that there is not a
(
substantial amount of room left for solvent within the base stack. Accordingly, our calculations have been performed for the case in which sphere radii are large enough that they overlap to create more realistically continuous volumes. The set of base spheres creates a continuous volume that is assigned nonpolar dielectric properties. The backbone spheres create two continuous volumes, one on either side of the base stack. Regions in which base/backbone spheres overlap are assigned the dielectric properties of base spheres. This model is capable of illustrating the influence of the heterogeneous nature of DNA on single step, Marcus-like, electron transfer. Base and backbone sphere radii were 2.35 and 3.09 Å, respectively. These are 25% larger than if the spheres were in contact but not overlapping. This increase falls within the range of atomic radii increases from covalent to van der Waals radii, which is 20% for carbon and 30-40% for halogens. As in the standard Marcus theory, donor/acceptor molecules are assumed to be conducting spheres, and integration is not performed over areas in which donor/acceptor spheres overlap other spheres.
Although it is often assumed that nucleobases have low dielectric constants ( st 2-4), 31 similar molecules in bulk liquid have significantly higher dielectric constants. Figure 2 shows the structures of the nucleobases along with a number of similar, nitrogen-containing molecules and their bulk dielectric constants. The bases are most similar to molecules toward the bottom of the figure, which have moderate dielectric constants. Therefore, the region representing the base stack in the duplex DNA is taken to have optical and static dielectric constants of pyridine, op ) 2.27 and st ) 12.4. The sugar-phosphate backbone regions are assigned characteristics between those of pyridine and water, with op ) 1.90 and st ) 20.0. These regions are surrounded by a solvent with op ) 1.77 and st ) 78.3, the dielectric constants of water.
There are two issues associated with the assignments of dielectric constants. Because dielectric constants are continuum properties, can they be assigned to small volumes? Propylene glycol in 2.5-7.5 nm pores has a fairly polar static dielectric constant, although it is less than that of bulk propylene glycol. 32 Thus, small volumes of individual molecules can have bulklike dielectric properties although they are not the same as the bulk liquid. The second issue is assigning dielectric constants of freely moving bulk liquids to bases that are bound to the backbone and hydrogen-bonded to each other. However, calculations of the effective dielectric constant between atoms in adjacent adenines in B-DNA yield st ) 5-18. 33 In addition, several theoretical studies of proteins have shown that amino acids with polar side groups can give the overall protein significantly polar character despite their restricted motion. Although the interior of the proteins are found to have st ) 2-3, when the more polar amino acids on the exterior of the protein are included, the entire protein exhibits an effective st ) 15-25. 34, 35 Therefore, as an initial model, it is useful and reasonably realistic to assign dielectric constants to the ribbons that are used to model DNA.
For bridged systems like DNA, λ i can be determined by the donor/acceptor molecules independent of the length of intervening bridge. 36 An organic donor/acceptor pair typically has a λ i of 0.06-0.4 eV. [37] [38] [39] For the examples used in this paper, 0.4 eV , λ o . As a result, λ i affects the magnitude of k(r) but has virtually no effect on the distance dependence of k(r) (<2% change in slope). Consequently, λ i is neglected in all of our calculations, leaving λ ) λ o .
In all calculations, the parameters given above were used unless otherwise specified. Rate calculations assumed the Marcus distance-dependent rate in eq 2. λ(r) was calculated using eq 6, and ∆G(r) was calculated using eqs 7-9 and 11. Integrations in eq 6-11 were performed numerically.
D. Sensitivity to Parameters. Calculations were performed to check the sensitivity of the rate constant to exact radii, dielectric constants, coordinate sets, and proximity of the donor/ acceptor to the end of the DNA duplex. Unless otherwise specified, the donor/acceptor radius is 1.87 Å, which corresponds to half the distance between neighboring bases. The acceptor replaced a base at the fourth row from the end of the duplex. The donor replaced a base farther from the end on the same strand, with 0-4 bases intervening. Donor/acceptor charges were 0, 0 f 1, -1 for charge separation and 0, 1 f 1, 0 for charge shift; (E D ox -E A red ) st ) 37 ) 2.65 eV; hν ) 3.35 eV; J o ) 100 cm -1 ; and ) 1 Å -1 . Figure 3 shows the effect of dielectric constant on the heterogeneous calculations. ln(k) vs r is shown for both charge separation and charge shift. Calculations are shown for different combinations of dielectric constants for base stack ( op ) 2.27, st ) 4, 6, 12) and backbone regions ( op ) 1.9, st ) 10, 20, 40). It is important to note that while we will refer to the slope of ln(k), the curves are not straight lines. This is particularly noticeable in comparing the first point to the rest. The distance dependence has a curvature that becomes less pronounced at longer distance. Slopes of all the ln(k) plots were compared for 2 cases: including the first point, and not including the first point. Results were similar in both cases. The slope of ln(k) vs r was ∼-2.0 Å -1 if all of the points were included, and ∼-1.5 Å -1 if the first point was ignored. Both of these values are significantly different from the -1 that would be expected from a purely exponential rate with ) 1 Å -1 . On average, charge separation and charge shift have approximately the same distance dependence. For charge separation ( Figure 3A) , there is less than 6% change in the slope for this range of dielectric constants. Charge shift (Figure 3B ), shows the opposite trend: |slope| increases as base or backbone dielectric constant increases. There is less than 8% difference in slope in all the different dielectric combinations for charge shift. However, for both charge shift and charge separation, the intercept of a line fit to ln(k) is dependent on dielectric constant and can increase/ decrease by up to 2 units when the lowest dielectric constants are used. Slopes of calculations are not highly sensitive to exact dielectric constants within a physically reasonable range. On the other hand, dielectric constants must be chosen carefully if the magnitude of the rate constant is to be evaluated properly.
In addition, the following changes were compared: donor/ acceptor radii of both 1.87 Å and both 2.35 Å, changing the free energy by making hν ) 2.95 eV, acceptor placed at 1st, 2nd, and 4th rows, and an alternate coordinate set using C4 rather than N3 for thymine and cytosine. All of the parameter changes outlined in this paragraph yield slope changes of <5% for both charge shift and charge separation, when slopes are calculated all with or all without the 1st point. Intercepts of the lines fit to ln(k) vs r can increase/decrease by up to 1 unit for different coordinates or donor/acceptor locations, and up to 8 units for different donor/acceptor radii. Although intercepts are highly sensitive to donor/acceptor radii, the overall calculations are not highly sensitive to changes in other structural parameters of the model within the range of physically feasible parameters.
Finally, calculations were performed for base/backbone sphere sizes of 1.87 and 2.45 Å, respectively, which correspond to spheres that touch but do not overlap. The advantage of this size choice is that when the spheres comprising the DNA strand do not intersect each other or with the donor/acceptor spheres, λ and ∆G can be calculated analytically (see Appendix A). The result is a slope change of <4% for charge shift and charge separation. However, the intercept can increase/decrease by up to 2 units. If only the slope is important, the analytical approach with smaller base/backbone spheres is a suitable, simpler first approximation. Figure 4A ,B, respectively. Dielectric continuum curves shown in the figures were calculated with dielectric constants of ethyl ether ( op ) 1.82, st ) 4.34), morpholine ( op ) 2.12, st ) 7.42), pyridine ( op ) 2.27, st ) 12.4), propanol ( op ) 1.9, st ) 20), and water ( op ) 1.77, st ) 78.3). 40 For the DNA calculations, the acceptor replaces a base at the 4th row from the end of the duplex, and the donor replaces another base on the same strand, at various positions further from the end of the duplex. Three sets of base/backbone dielectric parameters are shown for comparison to continuum calculations: (1) base op ) 2.27, st ) 4.0, backbone op ) 1.9, st ) 20.0, (2) same as (1) except base st ) 12.4, and (3) same as (2) except backbone st ) 40.0. All rate constants are calculated using the Marcus distance-dependent rate in eq 2, with J o ) 100 cm -1 and ) 1 Å -1 . λ(r) is calculated using eq 6 for both the continuum and DNA rates. In addition, ∆G(r) is calculated using eqs 7-9 and 11, with donor/acceptor radii ) 1.87 Å, (E D ox - 
III. Results and Discussion
model collapse to continuum equations when all spheres are given the same dielectric constants. Performing the full calculation of ∆G(r) for the continuum rates ensures that redox potentials are corrected for dielectric constant.
In the charge separation calculation ( Figure 4A ) for the choice of parameters shown, as the continuum dielectric constant is made smaller (78 f 20 f 12), electron transfer becomes faster and falls off more slowly with distance. Further decrease in the dielectric constant (12 f 7 f 4) reverses this trend, and the electron transfer becomes slower and falls off more steeply with distance. For charge shift ( Figure 4B ), there is a monotonic increase in the rate of electron transfer and a decrease in the fall off with distance as the dielectric constant is decreased. (Note that for either change separation or charge shift, if the dielectric constant is made small enough, e.g., benzene ( op ) 2.24, st ) 2.28), electron transfer is very slow and the curves are off the bottom of the graphs.)
The distance dependence calculations for the DNA model have electron transfer magnitudes and distance dependences that are similar to some of the curves calculated using the Marcus theory for a dielectric continuum. Given the similarities in the shapes of the curves it might be possible to use a continuum model for electron transfer in DNA, but the choice of the continuum dielectric constant is not obvious. This is particularly true for the case of charge separation. Static dielectric constants of 7, 20, and 78 all agree well with the heterogeneous DNA calculations, while values of 4 and 12 do not agree. We have used a dielectric constant of 20 for the sugar-phosphate backbone regions. The continuum calculations for both charge shift and change separation using 20 as the dielectric constant agree well with the heterogeneous DNA calculations. However, this is for a particular placement of the donor and acceptor in the DNA and using the particular choices of the other parameters. This result is not true for all sets of parameters. An effective dielectric constant of 20 is plausible for a case in which molecules are surrounded in part by water, in part by a hydrocarbon-like region, and in part by regions of moderate polarity (see Figure 1 ). For example, it has been shown that st_effective ) 20 in the minor groove of DNA. 41 Also included in Figure 4A ,B are straight lines which represent a simple exponential rate, as in eq 1, with slope ) -1, i.e., e ) 1 Å -1 . This represents the case in which the distance dependences of the reorganization energy and free energy are ignored. Both the Marcus continuum and heterogeneous DNA electron-transfer rates were calculated with ) 1 Å -1 . Comparing the dashed line to the other calculated curves in the figure shows how significantly the distance dependence of λ and ∆G affect the overall rate constant. If the distance dependences of λ and ∆G were insignificant, the plot of ln(k) vs r would be linear with slope -1 for both continuum and DNA rates. Comparisons of the distance-dependent rates to the dashed line of slope -1 show that λ and ∆G play a significant role in the electron transfer. Fits to the calculated DNA rate (diamonds, base st ) 12, backbone st ) 20) assuming the simple exponential model in eq 1 would determine that e ) 2.1 Å -1 , when, in fact, electronic coupling falls off with a factor ) 1.0 Å -1 . The rest of the distance dependence is due to λ and ∆G. Figure 4B shows ln(k) vs distance for charge shift continuum and DNA rates. Again, a line fit to the calculated ln(k) vs r for the heterogeneous DNA model yields a slope of -2.0 Å -1 , significantly greater than the electronic coupling contribution, ) 1.0 Å -1 , used in the calculation. Simple exponential fits to charge separation electron-transfer data could lead to determination of a value that is incorrect by more than a factor of 2. It is also important to note that the result of a simple exponential fit is larger than the true electronic beta. Heterogeneous DNA calculations in Figure 4 look somewhat similar for all three sets of dielectric constants used. However, this does not mean that all the factors contributing to the rate constant are similar for all sets of dielectric constants. In addition to the distance-dependent electronic coupling, the rate constant includes a distance-dependent activation energy that is dependent on ∆G(r) and λ(r). Figure 5 shows calculated ∆G(r) and λ(r) for continua and for all three sets of dielectric parameters used in the DNA calculations in Values of ∆G and λ as a function of distance are much more sensitive to base/backbone dielectrics than are the overall rate constants because ∆G and λ are summed to calculate activation energy, and some of their differences cancel when the rate constant is calculated.
The results of the model calculations clearly show the importance of including the distance dependence of the reorganization energy and the free energy in a heterogeneous environment when trying to understand single step electrontransfer processes in DNA. Imagine that the model calculations (the diamonds in Figure 4A ,B) are experimental data. If a simple exponential distance dependence (eq 1) is used to describe the data, a fit will yield the parameter, e , but its meaning is unclear. It characterizes the distance dependence of the overall transfer, but it does not separate the distance dependence of electronic interaction from the other distance-dependent factors that influence the rate of electron transfer. If the Marcus approach for a homogeneous medium is used (eq 2), a fit can be made to both J o and , but it is unclear which value of the dielectric constant should be used in the calculation of the reorganization energy or the free energy. The values of J o and that will emerge are dependent on the choice of the "homogeneous" dielectric constant, and can yield errors of up to 50% in determination of . The heterogeneous dielectric model that has been presented contains the important features of the problem that are necessary for a proper analysis of experimental data.
B. Comparison to Brun-Harriman Results. In 1992, Brun and Harriman published data for photoinduced electron transfer between intercalated molecules in duplex DNA. 2 The electron acceptor was N,N′-dimethyl-2,7-diazapyrenium dichloride (DAP 2+ ). Two photoexcited donors were used: ethidium bromide (EB + ) and acridine orange (AOH + ). Rate vs distance was plotted on a semilog plot and fit to a straight line, using eq 1. The e obtained for these exponential fits are listed in Table 1 .
Our calculations for comparison to these data included the following details. Radii of the DNA spheres are chosen in accordance with the space-filling model. Radii of DAP 2+ , EB + , and AOH + used are 3.25, 3.64, and 3.47 Å, respectively. These were calculated roughly, assuming 4.5 Å 3 per atom and converting the volume to a sphere. The most accurate way to model this system would be to have coordinates from crystal structure of the DNA with intercalated molecules. Lacking these coordinates, the intercalated molecules were instead placed in specific rows by taking the average coordinates of the two bases in that row. Though this does not take into account disruptions in the stacking due to intercalation, it is a good first approximation of the complex heterogeneous local environment. The acceptor was placed at the third row from the end of the duplex, and the donor at rows 7-9. λ was calculated using eq 6. For this particular case of charge shift, all the S r/p and W r/p terms in eqs 7 and 9-11 cancel, leaving ∆G(r) ) (E D ox -E A red ) DNA -hν ) -0.259 and -0.675 eV for EB + and AOH + , respectively. 2 Figure 6 shows experimental data obtained by Brun and Harriman as well as calculations using the DNA sphere model. Parts A and B of the figure show data for acceptors EB + and AOH + , respectively. Exponential fits to the data yield e ) 0.91 and 0.86 Å -1 for EB + and AOH + , respectively. However, the best fit to the data using the heterogeneous DNA model uses ) 0.61 Å -1 for both EB + and AOH + . This result is in line with studies of electron transfer in ruthenium trisbipyridyl-viologen molecules, in which the distance dependence of the activation energy contributed 0.2-0.4 Å -1 of the rate constant's distance dependence. 42 Thus, e is not a very good approximation to the distance dependence of the electronic coupling. Including the distance dependence of λ and ∆G indicates that the electronic coupling between the donor and acceptor molecules falls off 45% less steeply with distance than was previously estimated.
J o values of 2800 and 400 cm -1 were obtained for EB + and AOH + , respectively. The differences in J o are due to the significant differences in ∆G of the two reactions. There could be significant error in these values because donor/acceptor radii and DNA base/backbone dielectric constants are not known precisely. Nonetheless, these values are physically reasonable.
It should be noted that Harriman recently reported attempts to measure λ in the EB + /DAP + /DNA system. 43 Values of λ near 0.5 eV were obtained from the data analysis. The analysis, which depends on temperature-dependent experiments, assumes temperature-independent values of λ and ∆G. However, λ and ∆G are temperature dependent. 44 Thus, the experimental determination of λ is called into question. Our calculations predict λ values near 1.1 eV. Furthermore, Harriman's reorganization energy values decrease with increasing distance, unlike our calculations. Harriman attributed the decrease to increased disruption of the base stacking for smaller separation intercalations, so the dielectric environment is more polar for shorter distances. Even if polarity varied somewhat with donor/acceptor distance, the only way to calculate a value of λ near 0.5 eV by varying dielectric constants and radii was to use op ) 1.9 and st ) 3 for all DNA spheres and solVent. However, this seems unlikely since in the minor groove of DNA it was determined that st_effective ) 20. 41 The requirement of nearly-hydrocarbon environment casts further doubt on the validity of Harriman's data analysis.
C. Figure 6 . Natural log of the rate constant vs distance for both experimental data and calculations of electron transfer in DNA. Exact intermolecular center-to-center distances from X-ray crystal structure coordinates are used for distances for both experimental and calculated data. (A) Electron transfer from intercalated ethidium bromide to intercalated N,N′-Dimethyl-2,7-diazapyrenium dichloride. Circles represent data taken by Brun and Harriman, which can be fit to e ) 0.91 Å -1 using a simple exponential rate constant. 2 Crosses represent calculation using the heterogeneous DNA model with ) 0.61 Å -1 . (B) Electron transfer from intercalated acridine orange to intercalated N,N′-dimethyl-2,7-diazapyrenium dichloride. Circles represent data taken by Brun and Harriman, which can be fit to e ) 0.86 Å -1 using a simple exponential rate constant. 2 Crosses represent calculation using the heterogeneous DNA model with ) 0.61 Å -1 .
guanine to a stilbenedicarboxamide bridge incorporated into a DNA hairpin. 1 The hairpin was prepared with seven bases on each strand. A stilbenedicarboxamide bridge connected the two strands at one end. Six different types of hairpins were prepared. One type was composed of only AT pairs, and each of the other hairpins contained one CG pair, separated from the stilbene by 0-4 AT pairs. The shape of the resulting hairpins are believed to closely resemble a well-stacked B-form double helix, with the stilbene approximately 0.5 Å farther from the first base pair than would be expected if it stacked exactly like a base pair. 1, 45 The rate of electron transfer from guanine to photoexcited stilbene was measured for each donor/acceptor separation distance separately, and the experimental results are plotted along with a theoretical calculation in Figure 7 . The e value determined by Lewis et al. using exponential fits is listed in Table 1 .
The theoretical rate vs distance plotted in Figure 7 was calculated using the four-region DNA model. Only the first eight rows of sphere coordinates were used. The stilbenecarboxamide bridge was modeled by a sphere centered between the bases in the first row but 0.5 Å farther away from the 2nd row, along the axis of the DNA. A radius of 2.47 Å was used, so that the acceptor was in contact with the donor in the closest position. The donor, guanine, with radius 1.87 Å, was placed at the coordinates of a base in the 2nd-6th rows. The electron-transfer rate was calculated using the Marcus form given in eq 2. λ was calculated using eq 6. ∆G was calculated using eqs 7-9, and 11 with ground-state redox potentials (E D ox ) MeCN, st)37 ) 1.25 eV vs SCE, 46 (E A red ) DMSO, st)47 ) -1.9 eV vs SCE, 1 and acceptor singlet energy hν ) 3.4 eV. 1 Correction of E A red to st ) 37 is 0.02 eV, within the error of the original value. The results of our calculations with these ∆G values are not affected by the fact that we chose a classical rate constant rather than a quantum mechanical rate constant. 47, 48 Calculations were also performed for larger donor/acceptor radii of 2.58 and 2.95 Å for guanine and stilbene, respectively, calculated assuming 4.5 Å 3 per atom. To avoid donor/acceptor overlap for the large radii, the shortest donor/acceptor distance was ignored.
The experimental data, shown in Figure 7 , can be fit well with a simple exponential model of k(r) (eq 1) using e ) 0.64 ( 0.1 Å -1 . As shown in eq 1, this fit does not include consideration of the distance dependences of the reorganization energy or the free energy change. The parameter e in some sense models all three contributions to the distance dependence of electron transfer, that is, the distance dependence of the electronic interaction and the distance dependences of the reorganization energy or the free energy change.
To include all three contributions to the distance dependence explicitly, calculations with the Marcus distance-dependent transfer rate (eq 2) used with the heterogeneous DNA model were performed. The results show a faster transfer rate at the shortest donor/acceptor separation, producing a deviation from the apparently exponential distance dependence of the data. The calculation of a faster transfer rate than the data also occurred when the Marcus homogeneous model was used for the calculations. However, the experimental error is greatest for the first data point because of insufficient time resolution; the reported value may be a lower limit for the rate at the shortest distance. 45 Therefore, the calculations were only compared to data for which the donor/acceptor molecules had at least one intervening base pair.
Without the 1st experimental point, it was possible to reproduce the data. However, a physically implausible value of ) 0.08 Å -1 was required to obtain a slope of -0.64 Å -1 from the calculations (see Figure 7 ). Calculations were insensitive to whether the bases in the 1st row had hydrocarbon properties or whether they were removed and filled in with water. They were also insensitive to whether the smaller or larger donor/acceptor radii were used.
Calculations with ) 0.0 Å -1 are shown as triangles in Figure 7 and illustrate the contribution of activation energy to the distance dependence of the rate constant (see eq 2). These results show that if the Marcus rate constant and reorganization energy calculations apply to this experiment, essentially all of the distance dependence of the rate constant is included in the distance dependence of the activation energy and that the electronic coupling contribution has almost no distance dependence. The very small , which implies little distance dependence in the electronic coupling, is not an artifact of the heterogeneous model. If a Marcus rate constant (eq 2) is calculated for continuum solvents with a range of dielectric constants, then ) 0.12, 0.07, and 0.06 Å -1 are obtained for solvents with the dielectric properties of pyridine, propanol, and water, respectively. Pyridine has the lowest dielectric constant of these, with st ) 12.4. Modeling the entire DNA-water system with a dielectric constant this low seems unreasonable given that the stilbenecarboxamide bridge is exposed directly to water, and st_effective ) 20 in the minor groove of DNA. 41 The important feature of the calculations is that the distance dependence is dominated by the distance dependence of the reorganization energy and the free energy change regardless of whether the inhomogeneous model or the homogeneous Marcus model is used.
Another physically unreasonable aspect of the calculation is the value obtained for the electronic coupling at contact, J o . Even if the first data point is not used, a J o value of 500 000 cm -1 is required to fit the distance dependent data. The calculated rate at contact is an unrealistic 1 fs -1 . The values obtained for and J o demonstrate that the experimental system is not behaving in accord with the expectations based the Marcus theory of the distance dependent rate constant.
Lewis et al. have performed additional experiments on systems similar to the ones discussed above. 48 In their new paper, the transfer rate was measured at two distances in many Figure 7 . Natural log of the rate constant vs distance for electron transfer from guanine to a stilbenedicarboxamide bridge in DNA. Circles represent data taken by Lewis et al. 1 with distances calculated from exact intermolecular coordinates. The solid circle is a lower limit of the rate at that distance. 45 The data can be fit with e ) 0.64 Å -1 using a simple exponential rate constant. Crosses represent calculations using the heterogeneous DNA model with ) 0.08 Å -1 . Triangles represent the contribution from activation energy ( ) 0.0 Å -1 ), i.e., the contribution to the distance dependence from the reorganization energy and the free energy change. Similar calculated results are obtained using a continuum model (single dielectric constant) that includes the reorganization energy and the free energy change. different DNA hairpins characterized by different driving forces. A number of assumptions are made in the data analysis, including that the electronic coupling is the same for a variety of distinctly different donor/acceptor pairs and that the same electronic coupling would occur for forward and back electron transfer. Using these assumptions, the reorganization energy at the two distances and a value for were calculated from the data. The calculations yield ) 0.77 Å -1 , which is more in line with expected values of .
However, the values obtained for the solvent contribution to the reorganization energy, λ o are 0.23 and 0.27 eV with 0 and 2 intervening base pairs (∼7 Å distance change). These values are much lower than those expected from a Marcus model, and have virtually no distance dependence. The small values of λ o and the lack of distance dependence are although one of the chromophores is exposed to water. The Marcus form of the solvent reorganization energy, whether it is used in the inhomogeneous model presented here or in the Marcus continuum model, predicts a strong distance dependence for the significant change in distance of 7 Å. Calculations were performed in which the dielectric constant of the water surrounding the DNA was reduced to 20 and even 10. The results were very similar and not in accord with the results of Lewis et al. Calculations were also performed using the quantum mechanical form of the rate constant 47 employed by Lewis et al. in their data analysis. 48 This form still employs the Marcus reorganization energy. The quantum mechanical rate constant with the calculated Marcus form of the reorganization energy is incompatible with the data in the same way that the classical form is.
The calculations using the inhomogeneous electron-transfer model for DNA input the Marcus form of the reorganization energy. Comparison to the distance dependent data of Lewis et al. 1 yield values of and J o that are unphysical for a single step Marcus-like electron transfer. The calculations show that virtually all of the distance dependence is in the activation energy, that is, the combined solvent reorganization energy and the free energy change. The recent results of Lewis et al. 48 yield reasonable values of and J o , but give a magnitude and a distance dependence of the solvent reorganization energy that are not consistent with Marcus form of the reorganization energy. The combination of the results suggest that electron transfer in the systems studied by Lewis et al. are not properly described by the distance dependent Marcus rate constant.
The experimental system of Lewis et al. seems to behave in a significantly different manner than the Brun-Harriman system. The heterogeneous model presented here is approximate. Some error comes from lack of precise knowledge of the DNA base/ backbone dielectric constants or the donor/acceptor hard sphere radii. The polyelectrolyte nature of DNA has not been included in the model. However, in other systems, it has been shown that electrolyte contributions to electrostatic potentials are minor compared to overall polar solvent effects. 49 Although the details of the heterogeneous DNA model affect the values calculated, the major qualitative difference between rates calculated with the heterogeneous DNA model and the simple exponential model is due to the distance dependence of λ and ∆G, rather than to the exact nature of the heterogeneous model. Rates calculated using the heterogeneous DNA model are similar to Marcus continuum rates for the same donor/acceptor with moderate solvent polarities. For the distance dependence measured by Lewis et al. to approximately reflect the distance dependence of the electronic interactions, errors in the heterogeneous model or the lack of applicability of the homogeneous Marcus model would have to almost completely remove the calculated distance dependence of λ and ∆G. There is no reason to assume that λ and ∆G have essentially no distance dependence in the experimental system under consideration.
IV. Concluding Remarks
This work has employed an approximate model to demonstrate the importance of including the distance dependence of the reorganization energy and the free energy change in calculation of the rate of electron transfer in DNA. The model includes the heterogeneous nature of the dielectric environment. Rates calculated assuming a DNA-like heterogeneous dielectric environment are similar in shape to rates calculated assuming a continuum dielectric model. However, it not possible to predict which continuum dielectric properties can be used to approximate the heterogeneous DNA structure for a given set of molecular charges, sizes, and energy levels. Including distancedependent solvent reorganization energy and free energy of transfer is necessary to obtain an understanding of the distance dependence of the electronic coupling. Rates calculated with distance-dependent λ and ∆G are very different from simple exponential rates calculated with the same (distance dependence of the electronic coupling). Comparison of the detailed theory to experimental data of Lewis et al. 1 strongly suggests that the Marcus form of the distance dependence of the transfer rate constant including the Marcus reorganization energy is not consistent with the data. This paper presents a first step toward more realistically modeling the heterogeneous nature of duplex DNA and its effects on the distance dependence of electron transfer in DNA. Despite its limitations, the model presented includes many of the important features necessary for a proper description of electron transfer in DNA. The calculations presented here set the stage for future considerations of all of the factors that give rise to the distance dependence of electron transfer in DNA.
In all of these cases, the following analytical solutions to the integrals can be used: 18, 26 where d and a are constants. V q and a q denote the volume and radius, respectively, of a spherical dielectric region q or a donor/ acceptor sphere D/A. r is the donor/acceptor center-to-center separation distance. F(a q ) ) a q / R Dq R Aq , where R Dq/Aq are the center-to-center distances from the donor/acceptor to a spherical region q. γ q is the angle between lines drawn between the centers of the donor/acceptor molecules and the center of the sphere q (cos γ q ) (R Dq 2 + R Aq 2 -r 2 )/(2R Dq R Aq )). The first three terms in eq A1 are the Marcus solvent reorganization energy terms for a continuum solvent. f are correction factors for donor/ acceptor volumes: 50 Finally, where P n (x) denote Legendre polynomials. The upper sign corresponds to F(a q ) < 1, when the donor/acceptor are outside the spherical region q. The lower sign applies when the donor/ acceptor spheres are both contained within region q.
